The longtime behavior of solid electrical insulation is influenced by the nature as well as the magnitude of applied stresses. Much work has been done over the years to model and understand insulation degradation under single and combined electric and thermal stresses. However, efforts aimed at including mechanical stress as an additional interactive aging term in the existing models appear to be scanty. In the present work, the authors describe experimental methods for acquisition and analysis of insulation failure data when fatigue stresses, due to vibration, are present with electric and thermal stresses. An empirical model, based essentially on an Eyring relation, together with a fatigue crack propagation approach (in line with Miner's cumulative damage model) has been presented. Attempts have been made to verify this model experimentally.
INTRODUCTION
HE long time behavior, or aging, of electrical insula-T tion has been a topic of intensive study for quite some time. It has been established that the rate of aging, or the rate at which the essential properties of an insulation reduce, is not only a function of the magnitude but also of the nature of applied stress. During the past twenty years or so, it has been increasingly felt that the amount of aging in apparatus insulation is sensitive also to the way in which the stresses occur, i.e. whether singly or in combination.
The most important types of stresses to which the insulation is subjected are electrical, thermal and mechanical. Considering the conductor insulation in a HV rotating machine, this insulating structure encounters the three stresses at the same point in time.
In order to understand the processes leading to insulation degradation, it is necessary to develop a physical model which connects the nature and magnitude of the various stresses and the time at which a failure ensues. One of the simpler methods of building the model is to assume that the stresses are applied in sequence and arrive at the distribution pattern of times to failure of nominally identical specimens. This type of testing is called the sequential testing and was applied to insulation failure degradation acquisition some time ago. This model is defective in the sense that the existence is ignored of interaction of failure modes due to the simultaneity of application of stresses, which gives rise to secondary degradation processes of significant magnitudes.
In an earlier work, problems associated with combined electrical and thermal aging of insulation structures have been studied in detail [I]. Several other attempts have been made in trying to work out a formalism, at least on an empirical basis, for describing the aging failure mechanism due to combined stress [2-41. Some of these formalisms have given sufficiently accurate information on the aging processes involved and permit an approximate evaluation of insulation life.
In a recent work [5] , a contribution to understanding aging of overhang insulation of HV machine stator conductors by mechanical stress, in vibration, has been highlighted. In that paper, a tangible multifactor degradation model including vibration of the overhang was proposed. 
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testing on HV machine bars. This work is directed towards establishing a credible test method to account for the rapid degradation of epoxy-mica insulation systems under mechanical and electrical stresses.
The present work describes experimental methods for acquisition and analysis of insulation failure data when fatigue stresses due to vibration are also present with electrical and thermal stresses. An empirical model, based essentially on an Eyring relation together with a fatigue crack propagation approach (in line with Miner's cumulative damage model [7] ) has been presented. Attempts have been made to verify this model experimentally. A comparison has been provided of the estimated lives based on proven statistical techniques and the experimentally obtained insulation life.
THEORETICAL
EVERAL aspects of insulation aging under combined S electrical and thermal stresses have been covered earlier [l-31. The model for failure of insulation in the presence of mechanical stresses can be shown to be an inverse power law, similar to the electrical failure model.
The conductor overhang is viewed as a freely vibrating cantilever beam, where the maximum stress occurs at the fixed point. The failure caused by vibration is due to fatigue damage, because when the extremity of overhang is pushed up by a force F such that the central line of the conductor is displaced by an amount 6, layers of insulation on the opposite faces of the conductor in the direction of applied force are subjected to tensile and compressive stresses, respectively. A sinusoidal variation of the force on insulation layers induces alternate tensile and compressive stresses and therefore constitutes a fatigue.
Structural engineers [8]
have proposed a phenomenological failure model for a cantilever beam which includes a crack type defect, however small. This defect gets enlarged with repeated application of a force. The rate of extension of the crack with N stress reversals is empirically (1) in which U is the strain, x is the crack length, C, m and q are constants. U is given by the ratio of stress S to Young's modulus Y Integration of (3) gives
where T is a constant of integration. Now, let the initial crack length be xo so that
Suppose we define a condition at which the crack length x acquires a critical value x c , then the ratio ( x C / x o ) can be treated as a critical quantity and the structure is deemed to have failed no matter how this value has been reached. 
where K , is a constant.
This Equation is formally similar to the inverse power law for electrical aging.
As mentioned earlier, the overhang can be thought of as a freely vibrating cantilever beam with maximum stress occurring at the fixed point. Since the beam has its mass distributed, modes of vibration other than the fundamental could also be present, depending upon the clamping, the length, and the mass of the overhang. Figure 1 shows a vibrating beam and its first four natural frequencies and Table 1 , lists corresponding magnitudes. In view of the possibility of existence of other modes, it is necessary to consider stress levels associated with each one. However, when the fundamental mode has the dominating effect, other modes of vibration could be neglected. Now, the equation of motion of a freely vibrating cantilever beam firmly fixed at one end can be written as
where z is the instantaneous amplitude which is a function of displacement x and time t, that is z = f(x,t).
Therefore, Equation (9) 
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The insulation life at any electric stress E and at room temperature can be expressed by the empirical power law
in which K and n are constants. and is given by where K , and m are constants.
In an earlier work [l], the life under combined electric and thermal stresses was treated as following the power law assuming the power law constants as temperature dependent This expression is weighted by an Arrhenius term to take into account the non-zero thermal aging
L(T, E ) = K ( T ) E -" (~)
B T L(T, E ) = K ( T ) E -" (~) exp -
When mechanical stress is also present in addition to thermal and electrical stress, the power law constants can be treated as functions of T and S and the above expression should be weighted, in addition, by a mechanical aging in which 1 is the length of the free overhang and X the coefficients tabulated in [e].
Now, if EO, TO, SO are the operating stresses, then
CALCULATION OF MECHANICAL STRESS
B To L~ = L ( E~, T~, s~) K ( T~, S~) E -~(~O J O ) exp --sim
The mechanical stress S is the maximum plane stress During aging experiments where mechanical stresses were absent, short length of coil sections 13 to 18 cm long cut from nominally identical conductor bars mentioned above were used. In this case, the sample size is typically between 10 and 12.
3tzction onex%' Experiments were conducted both under single and multifactor stress conditions. Table 2 shows the various stresses and stress combinations employed during the aging experiments. Figure 3 shows the complete test assembly used for conducting vibration experiments. The hexagon shaped conductor was laid flat on a steel fixing frame securely grouted to ground. The conductor was fixed on to the frame as shown in the Figure by coil fixing pads. The overhang portion of the conductor rests firmly on the moving element of the vibration generator (exciter). In vibration tests, it is essential to ensure that the exciter produces a truly sinusoidal vibration force and that this force is imparted effectively to the vibrating member.
To characterize the vibration, several parameters are to be considered; the more important among them are the frequency, the displacement, and the acceleration. The Schematic diagram of vibration test facility. 
where 9 is the mass of the test specimen (pay load) and me is the mass of the moving element.
In vibration testing, it is not possible to fix all the vibration parameters at the same time. Therefore, one should fix at least two parameters and vary the others. In the series of experiments conducted, the frequency and the acceleration have been fixed. This permits variation of the amplitude over a considerable range. It was possible to achieve accelerations of 10 g at 120 Ha when the displacement was between 100 and 1200 p m (peak to peak). 
The high-current transformer used for heating the coil shown in Figure 3 was provided with HV isolation between primary and secondary and the vibration exciter was electrically isolated from the coil.
RESULTS A N D ANALYSIS
N the foregoing analysis, unless otherwise mentioned, I failure is defined as a 50% reduction in the breakdown strength. The method used to arrive at this value consists in drawing a small proportion of the total number of specimens (2 to 3) at each inspection time slot and performing a dielectric strength test on them with continuously increasing voltage. It is possible that the dielectric strength ( E d ) obtained this way not be equal to the 50% Ed. As the aging test proceeds, this procedure is repeated over different time windows until the desired level of reduction in.Ed is achieved. It is important to note that the time required to reach 50% E d is so inordinately long, even when the accelerating factors are higher, that it would not be possible to continue experiments over such durations of time. In the present work, a type-I censored experimental plan in which the experiments were terminated after a lapse of between 2000 and 3000 h to save time and cost, has been used. A method of determination of time to 50% E d , based on an empirical formula, can be found in [121* Weibull plots of mechanical stress failure data.
The times to failure of overhang insulation under vibration (fatigue) stresses are assumed to follow a twoparameter Weibull distribution since the degradation is a weak link process. During this study, the coil was also subjected to electric stress and hence the failure is due to the combined stress effect. Figure 4 shows a Weibull cumulative probability plot of the data. In Figure 5 , the inverse power law plot for the above data is shown from which the endurance coefficient n and constant K can be evaluated. Figures 6 to 8 depict the Weibull plots under combined electrical and thermal stresses of epoxy-mica insulation failure data while in Figures 9 to 12 , similar plots when mechanical stress is also present have been included. For the sake of brevity, data at two temperatures namely, 180 and 230% have been presented. The inverse power law plots of these data are presented in -- Tables 1 and 2. Tables 3 and  4 cover the results of aging study including the life estimates using the suggested model. Table 5 compares the life times estimated using the model with experimentally obtained life times. A sample calculation for estimating the multifactor-stress life is shown in Appendix 1. Weibull plots of combined electric and thermal stress failure data. Weibull plots of combined electric and thermal stress failure data.
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of point and interval estimates of the power law parameters and insulation life, a proven statistical technique in maximum likelihood has been applied. The stress employed in the series of experiments were such that there was a need, in some cases, for terminating the experiments before all the specimens have failed, thus generating a censored data set. A modified maximum likelihood technique has been used in analyzing such data [9].
DISCUSSION
ASED on preliminary tests, experiments and consul-B tation with generating station engineers, the peak to peak amplitude of normal vibrations of the overhang was fixed at 100 pm. In order to obtain failure data in a reasonably short time, an accelerating factor of 12, giving a maximum peak to peak amplitude of 1200 p m has been used. To obtain the parameters of inverse power law model under mechanical stress, fewer specimens (4 to 6 ) were used to minimize the cost of running aging experiments. Weibull plots of combined electric and thermal stress failure data.
The times to failure under fatigue loading (vibration), are assumed to follow an extreme value probability distribution similar to that under electrical aging process. In the case of epoxy-bonded mica insulation, which is a two component system, damage may occur due to deflaking of mica laminate or debonding of mica from the epoxy. A second possibility of damage exists in the opening of straight cracks through the body of the insulation. When electric stress is also present in addition to mechanical stress, the first possibility results in the insulation becoming weaker due to increased partial discharge activity in the fissures and the crevices, leading to failure. In the second case, the crack in the direction of the force also happens to be in the direction of the electric field and hence progressive breakdown due to treeing would occur. Normally both the possibilities exist.
The methods of modeling multifactor failure of insulation are very unclear to date. Different researchers [l-31 have proposed phenomenological models by considering [lo] . A combined electrical and thermal aging model of Simoni [2] has also been derived based on the Eyring formalism. A modified version of this was presented by Ramu [l] . In this version, the inverse power law parameters n and K were assumed to be temperature dependent and a correction factor was incorporated to take into account the variation in the parameters with applied stress. The correction was effected by altering the forms of the power law constants so as to reflect the phenomenological results.
A formalism for degradation of insulation when more than two stresses are present at the same time does not appear to have been attempted earlier. In this direction, efforts were made in the authors' laboratory to try to work out expressly an equation for probable life of electrical insulation when the simultaneous electrical, thermal and mechanical stresses are applied. In effect, the approach followed is similar to an earlier one in that the basic expression for life was still assumed to be an inverse power law with the understanding that the parameters of the power law are functions of temperature and mechanical stress.
In obtaining the parameter estimates of the suggested model, the changes in the power law parameters K ( T , S) and n(T, S) have been arrived at using Equations (21) Weibull plots of combined electric and thermal stress failure data.
(23) and by conducting an aging study involving thermal and electrical stress and electrical, thermal and mechanical stresses. The application of the model in studying the insulation life can be made by conducting the single as well as combined stress aging experiments to work out the correction factors required due to the simultaneous presence of the other stresses. When these parameters are known, the life equation can be used at any other stress level as in the case of single stress life estimation.
To understand the mechanism on a statistical basis, the changes in the estimates of under different aging stress conditions have been incorporated in Figure 17 . The information derivable from this characteristic is that when the accelerating factors are small, a weak link aging process (shown by straight lines on a Weibull paper) in which p is invariant with respect .to stress takes place. Weibull plots of combined electric and thermal stress failure data.
time, the instantaneous mortality becomes so high that all times to failure will occur within a reasonably short duration of time. This is reflected in Figures 18 and  19 where the hazard function increases steeply at higher stresses, thus indicating impending failure. It is known from the statistical theory of failure that when p > 3.0, the distribution of times to failure becomes almost normal. In fact, such a situation arises when electric, thermal and mechanical stresses of magnitudes 2 24 kV, 210°C and 2 44 N/cma respectively, are applied. A similar qualitative analysis can be made of the physical inverse power law model assumed in this work. Figure 16 gives an idea of the changes in K and n at different stresses. More information on these parameters is presented in Tables 3  and 4 .
An important observation regarding the Weibull plots ( Figures 6 to 12) , is that they are very linear. One may wonder as to how this linearity is preserved even when several failure mechanisms are at work. This point is implies that at high stresses, after a certain duration of The multifactor failure model has been built expressly on the assumption that the electrical stress is the main degenerating factor in view of the fact that it follows an inverse power law. Further, the mechanical degradation due to vibrations (or fatigue) also obeys an inverse power law. The aging process in the presence of these two stresses can be visualized in terms of a weak-link mechanism when the stresses are applied either individually or combined and hence the posterior distribution of life times is still Weibull.
Considering now the effect of thermal stress, the degradation mechanism is due to a physico-chemical reaction rate process and follows the classical Arrhenius relation. The statistical distribution of times to failure is found to follow a log-normal type distribution in two parameters. The joint distribution of failure times when all the stresses are present, could however represent a departure from tion process is acting only as a secondary aging process in promoting aging as mentioned earlier and is not involved directly in causing a complete failure. This means that the effect of thermal aging can be brought into the model by multiplying the abstract degradation term by a factor which is a function of temperature and when normalized, works out to a factor less than unity. This assumption has now been vindicated by the experimental results. However, as may be seen from Figure 17 , the value of the shape parameter as a function of stress increases rapidly beyond a certain level of stress acceleration, indicating that the shape parameter is not invariant with respect to stress. This suggests that very different processes of failure, which cannot be combined into a single process, could be in force when the experiments are conducted at extremely high stress levels.
In designing an experimental plan, care has been taken to choose the accelerating factors in such a way as not to violate the condition that the Weibull shape parameter be invariant with respect to stress. This is therefore the reason that the Weibull characteristics are sensibly linear.
CONCLUSIONS
HE work reported in this paper provides a means of T estimating life of HV machine insulation under multifactor stress including mechanical vibration. The assumption that the electric stress is the main cause of failure and the mechanical and thermal stresses only promote the degradation indirectly is vindicated by the experimental results. The information concerning the variability of p with respect to electric stress beyond a certain limit can 1-81. Hazard plots for combined electrical, thermal and mechanical stress failure data.
